Further restriction in the expression of these antigens leads to latency I when only EBNA1 is expressed. Latency I has been associated with Burkitt lymphoma and EBV-associated gastric cancer. Gastric cancer has, however, been more recently categorized as latency I/II and has been shown to express LMP2A (8, 9) . B cells can have latency programs I, II, or III. However, epithelial cells only present latency I and II. Based on this expression profile, the EBV gene products EBNA1 and LMP2A are considered to be the most important therapeutic targets for EBV-associated malignancies, where EBNA-1 is expressed in all and LMP2A is expressed in most (with the exception of Burkitt's lymphoma) EBV malignancies.
There are limited treatment options for EBV malignancies beyond standard chemotherapy and radiation. One promising modality is adoptive cell therapy using EBV-specific T cells, which has shown efficacy for PTLD (success in 70% of cases) (6) . This type of therapy has utilized polyclonal T cells, which are specific for latency III gene products, particularly the immunodominant EBNA3. Due to the limited expression of antigens in latency I and II, it is unclear whether this approach would be effective for EBV malignancies outside of PTLD.
A more ideal therapeutic agent would be an antibody that can specifically recognize one of the more broadly expressed antigens: EBNA1 or LMP2A. Because of the nuclear localization of EBNA1 and the transmembrane localization of LMP2A (with short extracellular loops), conventional mAbs cannot be easily developed for these targets. An alternative strategy is to develop mAbs that can recognize immunogenic peptides derived from these EBV gene products that are processed and presented on the surface of host cells on HLA class I molecules. This class of antibodies is referred as TCR-like, since they resemble the binding of the TCR to the peptide/HLA complex (pHLA). This approach has been used successfully to target several tumor associated antigens (reviewed in ref. 10 ). However, the lack of precise epitope mapping for most TCR-like mAbs, poor understanding of how closely the antibodies mimic the endogenous binding mode of TCRs, and little data assessing potential cross-reactivity limit the therapeutic potential of these agents.
We have focused our investigation on generating human mAbs against the pHLA complex corresponding to LMP2A -which is an antigen found on the majority of EBV-related malignancies and ranked no. 3 in the NCI's prioritization of cancer antigens (11) -and the HLA allele HLA-A*02:01. The HLA-A*02 allele is one of the most prevalent in the world (30% in North America, 29% in Europe, 29% in Northeast Asia, and 25% in Southeast Asia), with HLA-A*02:01 being the most predominant subtype (65% in North America, 94% in Europe, 52% in Northeast Asia, and 28% in Southeast Asia; ref. 12 ). We specifically targeted the LMP2A nonamer peptide C 426 LGGLLTMV 434 (CLG) as presented on HLA-A*02:01. CLG is an ideal target since it is the most immunogenic HLA-A*02:01 presented peptide (13) within the LMP2A protein and has been successfully used for selection in adoptive T cell therapy (14) . Additionally, the LMP2A CLG/HLA-A*02:01 pHLA complex has previously been targeted using a murine TCR-like mAb (15, 16) ; however, as an IgG, this format provided no survival benefit in mouse models of PTLD, and its specificity was not thoroughly assessed beyond showing a lack of reactivity against EBV -PBMC. Using structure-based analyses and phage display selection strategies, we generated a human TCRlike mAb that mimics the native binding mode of a TCR, showing exquisite specificity to LMP2A CLG/ HLA-A*02:01 pHLA complex, with no cross-reactivity to a panel of normal tissues and EBV -tumor cell lines. To enhance antitumor potency without sacrificing specificity, we generated a T cell-engaging bispecific antibody (BsAb) format of our lead construct, resulting in potent antitumor efficacy in vitro and in mouse xenograft studies. We additionally tested the ability of our lead construct to recognize the LMP2A CLG peptide in the context of HLA-A*02 suballeles, for potential use in additional patient populations.
Results
Structural analysis of TCR binding to peptide/HLA class I complexes. To create TCR-like mAbs that more closely mimicked TCRs, we first investigated how TCRs bind pHLA from known cocrystal structures. We identified 14 unique TCR/nonamer-pHLA class I cocrystal structures from the protein data bank (http://www. rcsb.org/) (Supplemental Table 1 ; supplemental material available online with this article; https://doi. org/10.1172/jci.insight.97805DS1) (17) (18) (19) (20) (21) (22) (23) . We only considered native human TCR/pHLA interactions and excluded nonhuman TCRs, unnatural peptide variants, and artificially affinity-enhanced TCRs. We also identified 5 unique TCR-decamer-pHLA class I cocrystal structures from the protein data bank (Supplemental Table 2 ). Because of the smaller size of the decamer-peptide data set, we included 2 structures with heteroclitic peptides. All of these structures show that TCRs share the previously described (24) common diagonally binding geometry to the peptide in the HLA cleft ( Figure 1A) . We then undertook a more detailed molecular analysis of this interaction by calculating the per-residue interaction energies of the peptide with the bound TCR using Chemistry at Harvard Molecular Mechanics (CHARMM) force field simulations. To understand the short-range molecular contacts at the TCR/pHLA interface, the van der Waals interaction energies were analyzed for each residue of the nonamer and decamer peptides. The van der Waals interaction energies for the nonamer structures show a bell-shaped distribution involving residues at positions P3-P8, with the highest interaction occurring with residue position P5 ( Figure 1B ). As expected, the least interaction with the TCR occurs with the peptide anchor residues P2 and P9. A similar bell-shaped distribution of interaction energies was observed for the decamer-pHLA structures (Supplemental Figure  1) . From this, we concluded that, in order to most closely resemble a native TCR/pHLA interaction, an ideal TCR-like mAb must interact with the central peptide residues.
Development of human TCR-like mAbs against CLG/HLA-A*02:01. To generate human anti-pHLA antibodies, we panned an antibody phage display library against the CLG/HLA-A*02:01 complex (see Methods). Phage clones were selected based on affinity and specificity to the CLG/HLA-A*02:01 complex as compared with a panel of 19 irrelevant peptide/HLA-A*02:01 complexes. Four top clones were chosen (clones 26, 38, 40, and 61), with each binding to CLG/HLA-A*02:01 but none of the 19 irrelevant peptides.
To identify the precise binding epitopes of each clone, we generated Ala-substituted variants of the CLG peptide and measured the variation in phage binding by FACS. Initially, the HLA loading efficiency of each Ala-substituted peptide was validated using BB7.2 mAb to stain pulsed T2 cells (Supplemental Figure 2) . It was observed that positions P1 and P2 did not tolerate Ala-substitution for HLA-A*02:01 loading, likely due to the importance of Cys at P1 and Leu at P2 for anchoring the CLG peptide to the HLA protein. Ala-substitution at the other nonanchor residues (P3-P8) was well tolerated, and the corresponding peptides variants were used to map the epitopes of the top 4 clones (Figure 2A ). Clone 38 had the widest epitope coverage, with a bell-shaped distribution spanning positions P3-P8, similar to the native TCRs depicted in Figure 1B . Clones 40 and 61 had similar central spanning epitopes (P4-P8), and clone 26 had an epitope closer to the C-terminus of the peptide (P6-P8).
Next, we sought to evaluate the binding kinetics of each clone in a human IgG1 format. The highest affinity (2 nM K D ) was found in 26 IgG1, followed by 61 IgG1 (26 nM), while both 38 IgG1 and 40 IgG1 were lowest (52 nM). Interestingly, 38 IgG1 had the slowest dissociation rate (with a dissociation rate [k off ]) more than 10-fold slower than 26 IgG1, despite having a weaker overall K D ( Figure 2B and Supplemental Table 3 ).
As IgGs, the 4 clones were then tested for their ability to bind peptide pulsed T2 cells and mediate antibody-dependent cytotoxicity (ADCC) (Supplemental Figure 3) . All 4 clones bound to the T2 cells and displayed ADCC activity, with 38 IgG1 showing the least potency.
To validate the binding activity of each clone against an endogenous HLA-A*02:01 + EBV + target, RPMI-6666 (EBV + BLCL derived from a Hodgkin's lymphoma patient) was incubated with phage from each phage clone ( Figure 3) . Surprisingly, clone 38 showed robust binding to endogenously expressed CLG/HLA-A*02:01 complexes, whereas clones 26 and 40 showed only modest binding, and clone 61 showed absolutely no binding. We hypothesize that this difference in recognition for RPMI-6666 compared with pulsed T2 cells was a result of heterogeneity in the endogenous processing and presentation of the LMP2A sequence in EBV transformed cells. Based on the robust cell-binding activity against an endogenously expressed target and its wide epitope coverage, clone 38 was chosen as the lead candidate.
We then measured the ADCC activity of 38 IgG1 against several HLA-A*02:01 + EBV + target cells but saw low potency (data not shown), likely due to insufficient expression and presentation of the CLG/HLA-A*02:01 complexes.
Engineering monomeric bispecific T cell-engaging tandem single-chain variable fragment (scFv) antibodies. To increase the antitumor potency of clone 38, we first reengineered it as a tandem-scFv BsAb, similar to the FDA-approved blinatumomab (25) , with the 38 scFv at the N-terminal end and an anti-human CD3ε scFv at the C-terminal end. We tested the 38 BsAb for activity against several HLA-A*02 suballeles using artificial antigen presenting cells (aAPCs) that were pulsed with CLG peptide (Supplemental Figure 4 Affinity maturation of clone 38. We had previously seen substantial improvement in potency from increasing affinity to a pHLA target (26) , and since clone 38 had modest affinity, we reasoned that it was a good candidate for maturation. Initially, a phage library was generated from clone 38 by random mutagenesis and was repanned against the CLG/HLA-A*02:01 complex. From a total of 581 clones, a final 8 unique clones demonstrated improvement over the parental antibody (Supplemental Table 4 ). Among these final 8 clones, clone 38-2 had the largest improvement in affinity (1.7-fold) without losing specificity to the CLG/HLA-A*02:01 complex relative to a panel of irrelevant pHLA complexes. Clone 38-2 contains a single point mutation (P55H) in the CDR2 of the variable light (V L ) domain.
Generation of optimized dimeric BsAb format. Despite the potency observed by the 38 BsAb, the format had poor stability compared with the dimeric BsAb format (DiBsAb) that we had recently developed (27) . This dimeric format improves upon the conventional monomeric BsAb format by allowing for bivalent tumor-antigen binding (log-fold increase in affinity) and improved pharmacokinetics. Clones 38 and 38-2 were reengineered into DiBsAbs by mutating a free cysteine residue in the anti-human CD3ε scFv (to reduce aggregation) and adding a human homodimerization domain to the C-terminus ( Figure 4A ). DiBsAbs were found to be exceptionally pure (> 95% pure) and stable under accelerated stress conditions (Supplemental Figure 5) .
The in vitro potency of 38 DiBsAb and 38-2 DiBsAb were compared using CLG-pulsed T2 cells ( Figure  4B Table 5 ). For the CLG-pulsed T2 cells, 38-2 DiBsAb was more potent and had a 10-fold lower half maximal effective concentration (EC 50 ) compared with the parent 38 DiBsAb (0.3 ng/ml and 3 ng/ml EC 50 , respectively). A similar pattern was observed with the 4 tumor cell lines screened. Clone 38-2 DiBsAb had EC 50 values of 2-70 ng/ml and max killing of 37%-55%, while 38 DiBsAb had EC 50 values of 10-490 ng/ml and max killing of 17%-40%.
To validate their specificity to the CLG/HLA-A*02:01 complex, 38 and 38-2 DiBsAbs were also screened against several antigen-negative tumor cell lines ( Mouse xenograft studies of DiBsAbs. After showing strong in vitro potency, 38 and 38-2 DiBsAbs were tested in mouse xenograft models of PTLD to measure their in vivo efficacy. In the first study ( Figure 6 ), F BLCLLuc (F BLCL transduced with a luciferase reporter gene) were injected i.v. into immunodeficient BALBRag2 -/-IL-2R-γc-KO (DKO) mice and then treated with i.v. injections of adult PBMC (1×/week for 2 weeks) and either 38, 38-2, or control DiBsAb (14 injections over 5 weeks). Tumor growth was monitored by bioluminescence ( Figure 6B ). Luciferase activity saturated at day 28, and AUC was quantified (Supplemental Table  6 ). 38 and 38-2 DiBsAbs were highly effective and reduced tumor growth (8.8-fold and 38-fold reduction compared with a control DiBsAb, respectively). Median survival for the control antibody group was 39 days, compared with 68 days for 38 DiBsAb treatment (P = 0.04) and 70 days for 38-2 DiBsAb treatment (P = 0.03).
In order to remove the possibility of endogenous EBV-specific T cells from contributing to the tumor response, we did an additional animal study using human cord blood PBMC (cPBMC) ( Figure 7 ). These cells have not been exposed to exogenous antigens and, thus, should lack any endogenous specificity to EBV-derived pHLA complexes. Similar to the previous experiment, immunodeficient DKO mice were injected i.v. with F BLCL-luc and treated with i.v. injections of cPBMC (1×/week for 2 weeks) and either 38, 38-2, or control DiBsAb (14 injections over 5 weeks). Luciferase activity saturated at day 28, and AUC was again quanti- fied (Supplemental Table 6 ). In this model, 38 and 38-2 DiBsAbs were also highly effective and reduced tumor growth (4.3-fold and 6.8-fold reduction compared with the control DiBsAb, respectively). Using cPBMC also resulted in a higher survival rate, likely due to lower incidence to graft-versus-host disease from the more naive cPBMC compared with adult PBMC, a phenomenon that has previously been reported (28) . Median survival for the control antibody group was 40 days, compared with 83 days for 38 DiBsAb treatment (P = 0.003). For the 38-2 DiBsAb treatment group, 3 of 5 mice were still alive after 100 days (P = 0.003).
Additional safety and potential cross-reactivity assessment. In addition to screening against 19 irrelevant peptide/HLA-A*02:01 complexes during the initial phage panning and doing T cell-dependent cytotoxicity (TDCC) against 4 target negative cell lines ( Figure 5 ), we did additional sets of experiments to assess potential cross-reactivity: TDCC assays against normal tissues and TDCC assays against T2 cells pulsed with nonamer peptides derived from endogenous human proteins, which closely resemble the CLG peptide biochemically. Initially, we looked at a commercially available panel of normal cells (Supplemental Figure 6 ). Of this set, only cardiac myocytes and adrenal cortical cells showed HLA-A*02 expression via BB7.2 staining. 38 DiBsAb showed no significant killing compared with the control DiBsAb, whereas 38-2 DiBsAb showed elevated killing of cardiac myocytes, indicating some cross-reactivity of the affinity-matured construct.
Following this, we identified 12 peptides, from an analysis of the human proteome, which had a match of at least 66% (6 of 9) residues and at least 80% (4 of 5) of the epitope (P3-P8) of the CLG peptide. In addition, these peptides were screened computationally (IEDB score) for their propensity to bind to HLA-A*02:01 (29) . These peptides were then pulsed onto T2 cells and assayed by TDCC (Supplemental Figure 7 and Supplemental Table 8) . Surprisingly, 38 DiBsAb showed killing above background for 33% of the peptides (4 of 12), and 38-2 DiBsAb showed killing against 75% of the peptides (9 of 12). This again suggested that the affinity-matured 38-2 scFv was more cross-reactive than the parental 38 scFv. We next sought to assess if the 4 potential cross-reactive peptides for 38 DiBsAb are actually presented endogenously on HLA-A*02:01 + cells and if 38 DiBsAb binds to them. The 4 cross-reactive peptides come from the gene products of ARMC4, CLDN14, LILRB5, and ORMDL2, respectively, and we identified a number of cell lines that reportedly express them (Supplemental Table 9 ). ARMC5 and ORMDL2 are reported to be expressed on the HLA-A*02:01 + cell lines MCF7 and U2OS, of which MCF-7 had previously showed no cytotoxicity from 38 or 38-2 DiBsAb ( Figure 5 ). We additionally tested U2OS and found no killing above background (data not shown). The gene product of CDLN14 is reported to be expressed on liver cells; however, we did not see cytotoxicity against HLA-A*02:01 + HepG2. The last target, LILRB5, is known to be expressed on leukocytes, so we performed TDCC against 2 HLA-A*02 + donor PBMC and found no significant cytotoxicity from 38 or 38-2 DiBsAb (data not shown). We therefore found no evidence that these 4 potential cross-reactive peptides, which each differ from the core GLLTM epitope by a single amino acid residue, are actually processed and presented on HLA. The data indicates that this small set of potentially cross-reactive GLLTM-like epitopes is not likely presented in the human HLA-peptidome.
Discussion
Using phage display technology, we have generated human mAbs specific for the antigenic CLG peptide derived from the EBV-associated protein LMP2A in the context of HLA-A*02:01. While our antibodies were originally generated against the peptide in complex with HLA-A*02:01, a predominant allele in North America and Europe, we have shown that these antibodies can also recognize the CLG peptide in certain other HLA-A*02 variants, opening up the possibility for their use in additional populations globally. Our lead TCR-like mAb has been selected not only for its affinity and specificity for the CLG/HLA-A*02:01 complex, but also for its ability to bind key amino acid residues within this sequence. Clone 38 is the first example of a TCR-like mAb that mimics the native binging mode of a TCR, with a bell-shaped distribution of contacts along the peptide interface, centered on peptide position P5, and covering the span of peptide positions P3-P8. When formatted as a DiBsAb, 38 DiBsAb and its affinity-matured variant, 38-2 DiBsAb, had potent antitumor activity against EBV + HLA-A*02:01 + tumor cells. We additionally saw potent antitumor activity in mouse models of PTLD, where immunodeficient mice were xenografted with EBV + HLA-A*02:01 + BLCLs and treated with DiBsAb and human adult or cPBMC. While the 38 and 38-2 DiBsAb-treated mice had improved survival compared with control groups, the dosing schedule and relatively short serum half-life of the DiBsAb format (estimated t 1/2 of 1 hour based on previous study; ref. 27 ) may have been suboptimal to achieve higher cure rates. Nevertheless, the 38 and 38-2 DiBsAbs are human antibodies that displayed highly potent killing of EBV + tumors. Previous attempts to generate TCR-like mAbs against EBV antigen based on mouse immunization strategies (15, 16) resulted murine mAbs against peptides derived from LMP1, LMP2 (CLG), and EBNA-1, in the context of HLA-A*02:01 and related suballeles (12) . Of these antibodies, only the EBNA-1 TCR-like mAb was shown to modestly improve survival in immunodeficient mice implanted with EBV + BLCLs. However, the binding epitope was not investigated and no evidence of potential cross-reactivity was presented, other (30, 31) , we undertook extensive investigations into safety and potential cross-reactivity. A typical assessment of potential cross-reactivity involving an antibody therapeutic would involve staining a panel of normal tissues by IHC. Due to the low antigen density of specific pHLA and the high potency of a DiBsAb format, such an analysis would underestimate the potential for toxicity. A more sensitive assay is to look at antibody-dependent T cell-mediated cytotoxicity. Our lead construct 38 DiBsAb was not found to be cytotoxic against 7 different sets of HLA-A*02 + cells: normal cardiac myocytes, normal adrenal cortical cells, normal PBMCs, a breast cancer tumor cell line (MCF-7), a liver cancer cell line (HepG2), an osteosarcoma cell line (U2OS), and a colon carcinoma cell line (COLO-205). Using an in silico-and proteomics-based approach, we also identified and tested 12 potentially cross-reactive peptides from the human proteome that were the most similar to the CLG peptide (6/9 total identical residues and 4/5 identical residues in the core epitope P3-P8). Upon investigation, 38 DiBsAb mediated cytotoxicity against 4 of 12 peptides when pulsed on T2 cells. However, further analysis of these 4 cross-reactive peptides revealed that, although the parental protein of each peptide was expressed in HLA-A*02:01 + cell types used as targets, no cytotoxicity against the targets was detected, suggesting that these specific peptides may not be processed and presented by HLA. Not surprisingly, the affinity-matured 38-2 DiBsAb was found to have increased cross-reactivity and was, thus, not considered for further development. By these analyses, 38 DiBsAb shows one of the strongest safety profiles ever demonstrated for a TCR-like mAb, a result of our selection strategy to mimic the native binding mode of a TCR. TCR-like mAbs that do not bind like native TCRs (binding to the N-or C-terminus of the presented peptide instead of the central residues) have been shown to cross-react to multiple off-target peptides and even bind normal PBMC (26, 30) .
Our findings support the concept that TCR-like mAbs can be generated against previously "undruggable" targets. A large portion of the human proteome is not expressed on the cell surface or is hidden within membrane structures, making it difficult to target with traditional mAbs. Antigenic peptides derived from these proteins, however, can be adequately presented on the cell-surface HLA complexes where they can be targeted by TCR-like mAbs (32) (33) (34) (35) (36) . These pHLA complexes contain a short peptide sequence that can vary in length but is usually 9 amino acids for class I alleles (37, 38) . Within these nonamers, there are usually 2 anchoring residues that are located in position 2 and 9 (P2 and P9) for the HLA-A*02:01 allele (39) . Cocrystal structures of several TCR/pHLA complexes have allowed for a better understanding of the interaction of these 3 members of the complex (peptide, HLA, TCR) at the immunological synapse, allowing several gener- 50 values were determined using a nonlinear fitting algorithm (log [agonist] vs. response-variable slope with 4 parameters). The DiBsAb 38-2 was more potent and had a 10-fold lower EC 50 compared with the parent 38 DiBsAb (0.3 ng/ml and 3 ng/ml EC 50 , respectively).
alizations. For example, the TCR in CD8
+ T cells binds to the pHLA complex diagonally at an average angle of 35 degrees with several interaction sites carried by these 3 members of the complex (37) . However, T cell activation itself depends on only a few contact amino acids that are indispensable for mounting a successful immune response. These primary and secondary contact sites are determined by the side chains of 2-5 amino acid residues that are located in the middle portion of the antigenic peptide (40), the so-called functional hotspots (41, 42) . In the case of nonamers (the most frequent peptide length presented in class I alleles), the most important residue for TCR interaction is located in position 5 of the antigenic peptide (P5), with P6, P7 and P8 playing secondary roles (38, 40, 41) . In octamer peptides, the most relevant residues are P4, P6, and P7 (38, 40, 41) . Besides the structural evidence, the functional significance of these regions within the antigenic peptide has been consistently proven. For example, EBV-specific memory T cell activation can occur with as little as 1 amino acid, as long as this residue is one of the primary contact sites (42) .
Since Andersen et al., first produced a mAb with TCR specificity (43), there have been over 60 TCRlike mAbs generated against HLA class I complexes. For most of these TCR-like mAbs, it is not clear which specific portions of their target peptide are crucial for recognition (33, 34, 36, 37, (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) . Thus, even though these mAbs recognize a given pHLA, it may not be entirely specific, and any cross-reactivity against similar pHLA can lead to severe or lethal consequences when used in patients (31, 58) . Furthermore, the mechanisms dictating peptide processing and presentation are not well understood. While we now have more advanced methods for identifying antigenic peptides presented by HLA alleles in an unbiased manner, the generation of TCR-like mAb usually employs peptide pulsing and peptide overexpression, which may influence the way an antigenic peptide is presented and thereby alter the TCR-like antibody's recognition of endogenously processed peptides as they are presented in vivo (59) .
In this study, we have generated a lead clone that mimics the native binding mode of a TCR and has exquisite specificity for the endogenously processed LMP2A peptide on EBV + HLA-A*02:01 + targets. While we have demonstrated a high in vitro safety profile for 38 DiBsAb, additional in vivo safety testing will need to be per- Table 5 .
formed using more relevant animal models. This can include toxicity studies using HLA-A*02:01 transgenic mice (60) . While such a system would not mimic the human peptidome that could be processed and presented on the surface of HLA, it would represent a starting point for looking at potential toxicity in humans.
Our lead 38 DiBsAb construct is the most potent antibody therapeutic ever developed to our knowledge to target EBV-related malignancies. EBV-related tumors result in over 140,000 deaths worldwide each year, and our new BsAb therapeutic is a promising candidate for clinical development for a large portion of these patients that are HLA-A*02 + . We can additionally utilize the same epitope-based selection strategy to develop new therapeutic agents for additional HLA types and for additional antigens. By focusing on specificity and precise epitopes, we chose a lead construct that was not amongst the highest-affinity clones available in our selection pool but resulted in the highest safety profile and ultimately led to the most suitable candidate to advance toward first-in-human trials.
Methods
Structural analysis. Molecular modeling and interaction energy calculations were done using Discovery Studio 4.1 (Biovia). The crystal structures of TCR/pHLA complexes were energy-minimized using CHARMM force fields simulations, and the atomic interaction energies were then calculated as the sum of van der Waals and electrostatic energies from MM-GBSA simulations. Production of biotinylated peptide/HLA-A0201 complex monomer. Biotinylated peptide/HLA-A0201 complex monomers were prepared according to standard protocols (61) . In brief, DNA of full-length human β2m was synthesized by Genewiz and cloned into vector pET-27b. The BirA substrate peptide (BSP) was added to the C-terminus of HLA-A0201 extracellular domain (ECD). DNA of HLA-A0201 ECD-BSP was synthesized by Genewiz and cloned into vector pET-27b. The vectors expressing human β2m and HLA-A*02:01 ECD-BSP were transformed into E. coli BL21 separately and were isolated as inclusion bodies from bacterial culture. Peptide ligand EBV-LMP2A(CLG)-(full nonamer sequence CLGGLLTMV) was refolded with human β2m and HLA-A*02:01 ECD-BSP to form EBV-LMP2(CLG)/HLA-A*02:01 complex monomer. Folded peptide/ HLA-A*02:01 monomers were concentrated by ultrafiltration and further purified through size-exclusion chromatography. Purified peptide/HLA-A*02:01 monomer was also visualized through SDS-PAGE and biotinylated via BirA-mediated enzymatic reaction and subsequently purified by high-resolution anion-exchange chromatography. Biotinylated peptide/HLA-A*02:01 monomers were stored in PBS at -80 o C. HiPrep 26/60 Sephacryl S-300 HR was equilibrated with Hyclone Dulbecco's Phosphate Buffered Saline solution (Thermo Fisher Scientific, catalog SH3002802) for 1.5 column volumes. The unpurified sample was loaded and eluted for 1 column volume. The first peak, consisting of misfolded aggregates, eluted at approximately 102.24 ml after loading. The peak corresponding to the properly folded MHC complex was observed at 201.24 ml. Lastly, the peak consisting of free β2M was observed at 254.85 ml. 
Screening of phage scFv specific for EBV-LMP2(CLG)/HLA-A0201 complex.
A human scFv antibody phage display library (10 × 10 10 clones) constructed by Eureka Therapeutics (E-ALPHA phage library) was used for the selection of human mAbs specific to EBV-LMP2(CLG)/HLA-A*02:01. In order to reduce the conformational change of HLA complex introduced by immobilizing the protein complex onto plastic surfaces, solution panning was used in place of conventional plate panning. In solution panning, biotinylated antigens were first mixed with the human scFv phage library after extended washing with PBS buffer, and then antigen-scFv antibody phage complexes were pulled down by streptavidin-conjugated Dynabeads M-280 (ThermoFisher) through a magnetic rack. The bound clones were then eluted and used to infect E. coli XL1-Blue (Agilent). The phage clones expressed in bacteria were then purified. The panning was performed for 3-4 rounds to enrich scFv phage clones binding to EBV-LMP2(CLG)/HLA-A*02:01 specifically. Positive clones were determined by standard ELISA method against biotinylated EBV-LMP2(CLG)/HLA-A*02:01 complexes. The positive clones were further tested for their binding to HLA-A2/peptide complexes on live cell surfaces by flow cytometry, using a TAP-deficient, HLA-A0201 + cell line, T2. Briefly, peptide pulsed T2 cells were stained with purified scFv phage clones, and followed by mouse anti-M13 mAb, and R-PE conjugated horse anti-mouse IgG from Vector Labs. Each step of the staining was done on ice with 30-60 minutes of incubation. Cells were washed twice between each step of the staining. A total of 125 positive clones were identified through FACS analysis out of 281 clones screened. Of these 125 clones, 80 unique clones were isolated.
Full-length human IgG1 of the selected phage clones were produced in HEK293 and CHO cell lines, as previously described (62) . In brief, antibody variable regions were subcloned into mammalian expression vectors, with matching human lambda or kappa light-chain constant region and human IgG1 constant region sequences. Molecular weight of the purified full-length IgG antibodies was measured under both reducing and nonreducing conditions by electrophoresis.
Cloning of BsAb. The DNA fragments coding for the EBV-LMP2(CLG) scFv antibody and the anti-human CD3ε scFv antibody were synthesized by Genewiz and subcloned into Eureka's mammalian expression vector pGSN-Hyg using standard DNA technology. A hex-histamine tag was inserted downstream of the EBV-LMP2(-CLG) BsAbs at the C-terminal end for antibody purification and detection. CHO cells were transfected with the EBV-LMP2(CLG) BsAbs expression vector, and stable expression was achieved by standard drug selection with methionine sulfoximine (MSX), a glutamine synthetase-based (GS-based) method. CHO cell supernatants containing secreted EBV-LMP2(CLG) BsAb molecules were collected. EBV-LMP2(CLG) BsAb was purified using HisTrap HP column (GE Healthcare) by FPLC AKTA system. Briefly, CHO cell culture was clarified and loaded to the column with low imidazole concentration (20 mM), and then an isocratic high imidazole concentration elution buffer (500 mM) was used to elute the bound EBV-LMP2(CLG) BsAb proteins. Molecular weight of the purified EBV-LMP2(CLG) BsAbs were measured under nonreducing conditions by electrophoresis Affinity determination by surface plasmon resonance. Biotinylated CLG/HLA-A*02:01 complexes were indirectly immobilized onto CM5 sensor chips and analyzed by surface plasmon resonance (SPR) (Biacore, GE Healthcare). Serial dilutions of each clone in a human IgG1 format (50-800nM) were injected at flow rate of 30 μl/min using running buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% Surfactant P-20, pH 7.4) (GE Healthcare). The association and dissociation phase data were fitted simultaneously using a 1:1 model from BIAevaluation 3.2. All the experiments were done at 25°C.
Cell lines. RPMI-6666, MCF7, COLO205, HepG2, U2OS, and T2 cells were purchased from ATCC. All cells were authenticated by short tandem repeat (STR) profiling (MSKCC Integrated Genomics core facility) and were and periodically tested for mycoplasma (MSKCC Antibody and Bioresource core facility). Normal human cells were purchased from ScienCell. HONE-1 was a gift from G.S.W. Tsao (University of Hong Kong, Pokfulam, Hong Kong, China). HONE-1 is an extensively studied NPC cell line and was authenticated by STR profiling. The HONE-1 line may contain trace amounts of HeLa originating from the establishment of the line, as noted in the literature (63) . For this study, HONE-1 was stably transfected with HLA-A*02:01. EBV infection/transformation of resting B cells produced B-lymphoblastoid cell lines (BLCL) and were generated by the lab of Richard O'Reilly at MSKCC. This process has been accurately replicated in vitro with the use of the B95-8 strain of EBV present in the marmoset B-lymphoblastoid line B95-8 (64) . BLCLs present EBV in latent replication and carry multiple copies of the viral genome as an episome and express a number of viral gene products that vary according to latency stage. Some BLCLs were engineered to a express high level of GFP-luciferase fusion protein with retroviral vectors containing a plasmid encoding Luc/GFP. Cells showing high-level GFP expression were selected by flow cytometry analysis and were used for the animal studies. aAPCs expressing various HLA alleles were also generated by the lab of Richard O'Reilly at MSKCC (65) .
Human PBMCs and T cells.
Cord blood or adult buffy coats were obtained from the New York Blood Center (New York, New York, USA), and PBMCs were isolated by Ficoll separation. T cells were purified by negative selection (Miltenyi Biotec) and were expanded using CD3/CD28 beads (Invitrogen) following the manufacturer's instructions in 2 rounds of stimulation.
Peptides and peptide pulsing. Peptides were purchased from Genscript and were at least 95% pure by HPLC; peptides were resuspended in DMSO or ddH 2 O. Cells were pulsed with 10-100 μM of peptide and incubated at 37°C for 1-18 hours in IMDM serum free media before each assay. For T2 cells, 3-35 μM of recombinant β2M was also added. As a control, the well-characterized peptide YMLDLQPET (YML) (66) derived from the E7 protein expressed by HPV-16 was used.
Flow cytometry. Cells were incubated at 4˚C with 5 μg/ml of each of the antibodies (or isotype matched control) followed by a human Fc-specific (PE-labeled, for human IgG1 Southern Biotech, catalog 2040-09), mouse Fc-specific (PE-labeled,for BB7.2 or anti-Phage secondary, Southern Biotech, catalog 1010-09), or anti-M13 mAb (mouse IgG1, for Phage staining, GE Healthcare, catalog 27-9420-01) secondary antibody. Samples were acquired using a FACSCalibur flow cytometer (BD Biosciences). Data and overlays were prepared using Flowjo Software Version 6.
Cytotoxicity assays. Cytotoxicity was assayed as previously described (67) . Target cells were incubated with 100 μCi of 51 Cr and plated at a density of 5x10 3 per well in round bottom 96-well plates. Serial antibody titrations were added along with effector cells. Effector cells were plated at a 20:1 ratio (CD16-transfeceted NK92) or 10:1 (activated human cord blood T cells) to measure ADCC or TDCC, respectively. Cytotoxicity assays were stopped after 4 hours, and chromium release was measured using a gamma counter. Cytotoxicity was calculated with the formula: % specific lysis = ((Experimental Lysis -Spontaneous release)/(Maximum Lysis -Spontaneous release)) -Nonspecific lysis. Maximum lysis was obtained by mixing target cells with SDS, spontaneous release represents the target cells incubated without antibody or effector cells, and nonspecific lysis is obtained by mixing the target and effector cells without antibody. The EC 50 and max killing was calculated based on a nonlinear 4-parameter variable slope regression analysis.
Animal xenograft studies. For in vivo therapy studies, DKO mice (derived from colony of Mamoru Ito, Central Institute for Experimental Animals [CIEA], Kawasaki, Japan) (68, 69) were used. Tumor cell lines (transduced with luciferase reporter genes) were injected i.v., and growth was monitored by bioluminescence, using the Xenogen In Vivo Imaging System (IVIS) 200 (Caliper LifeSciences). Images were collected 1-2 minutes after injection using the following parameters: a 10-to 60-second exposure time, medium binning, and an 8f stop. Bioluminescence image analysis was performed using Living Image 2.6 (Caliper LifeSciences). Mice were treated with i.v. administration of human PBMCs and DiBsAb.
Statistics. All data were analyzed using Prism 6 (GraphPad), including nonlinear curve fitting algorithms (log [agonist] vs. response-Variable slope with 4 parameters) to determine EC 50 values, and AUC calculations for in vivo bioluminescence measurements. Unpaired 2-tailed Student's t test was used to assess 2 independent groups. Log-rank tests were used to determine significance for Kaplan-Meier survival analysis. P < 0.05 was considered statistically significant. Study approval. All animal studies were approved under protocol number 90-09-018 by the IACUC at Memorial Sloan Kettering Cancer Center.
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